Aims/hypothesis. Chronic exposure to high concentrations of glucose has consistently been demonstrated to impair endothelium-dependent, nitric oxide (NO)-mediated vasodilation. In contrast, several clinical investigations have reported that acute exposure to high glucose, alone or in combination with insulin, triggers vasodilation. The aim of this study was to examine whether elevated glucose itself stimulates endothelial NO formation or enhances insulin-mediated endothelial NO release. Methods. We measured NO release and vessel tone ex vivo in porcine coronary conduit arteries (PCAs). Intracellular Ca 2+ was monitored in porcine aortic endothelial cells (PAECs) by fura-2 fluorescence. Expression of the Na + /glucose cotransporter-1 (SGLT-1) was assayed in PAECs and PCA endothelium by RT-PCR. Results. Stimulation of PCAs with D-glucose, but not the osmotic control L-glucose, induced a transient increase in NO release (EC 50 ≈10 mmol/l), mediated by a rise in intracellular Ca 2+ levels due to an influx from the extracellular space. This effect was abolished by inhibitors of the plasmalemmal Na + /Ca 2+ exchanger (dichlorobenzamil) and the SGLT-1 (phlorizin), which was found to be expressed in aortic and coronary endothelium. Alone, D-glucose did not relax PCA, but did augment the effect of insulin on NO release and vasodilation. Conclusions/interpretation. An increased supply of extracellular D-glucose appears to enhance the activity of the endothelial isoform of nitric oxide synthase by increasing intracellular Na + concentrations via SGLT-1, which in turn stimulates an extracellular Ca 2+ influx through the Na + /Ca 2+ exchanger. This mechanism may be responsible for glucose-enhanced, insulin-dependent increases in tissue perfusion (including coronary blood-flow), thus accelerating glucose extraction from the blood circulation to limit the adverse vascular effects of prolonged hyperglycaemia.
Introduction
Chronic exposure to high glucose has been consistently demonstrated to adversely affect endothelial function and impair nitric oxide (NO)-dependent vasodilation, and has been implicated in diabetes-associated cardiovascular morbidity and mortality [1, 2, 3, 4] . Although insulin resistance and glucose intolerance are important risk factors for type 2 diabetes, the majority of subjects who exhibit these alterations do not develop diabetes or persistent endothelial dysfunction [5, 6] . Thus, adaptive responses, particularly maintenance of vascular function, may prevent manifestation of diabetic symptoms. Hyperinsulinaemia and post-prandial hyperglycaemia are the main features of the 'prediabetic' state [7, 8] . While the vasodilating effects of insulin are established [9, 10] , the direct vascular actions of short-term hyperglycaemia are largely unknown. Studies investigating the effects of high glucose on macrovascular and microvascular perfusion have yielded conflicting results: some have shown attenuated vasodilation [11, 12, 13, 14, 15, 16] , some have demonstrated enhanced vasodilation [17, 18, 19, 20] , whereas others found no changes in vascular tone [21, 22, 23] . The present study was designed to gain deeper insights into the immediate effects of high glucose on endothelial NO formation and vascular tone, and its stimulatory role on the vascular effects of insulin.
Materials and methods

Chemicals
Porcine insulin was obtained from Berlin-Chemie (Insulin S, 40 IU/ml; Berlin, Germany). Inorganic salts and solvents were from VWR International (Darmstadt, Germany). Unless otherwise noted, all other reagents were purchased from SigmaAldrich (Deisenhofen, Germany).
Real-time measurement of nitric oxide levels
Measurements were performed ex vivo using porcine coronary conduit arteries (PCAs), which were freshly dissected at the local abattoir (Fleischversorgung Köln e.V., Cologne, Germany) from the hearts of domestic pigs aged 7-9 months. Luminal NO release was monitored amperometrically in real time by a NO-selective microsensor (ISO-NO-Meter, WPI, Sarasota, Fla., USA) as described previously [24] . Briefly, PCA segments (approximately 2 cm in length) were opened longitudinally and mounted in organ baths containing 10 ml HEPESmodified Krebs buffer (140.0 mmol/l NaCl, 5.0 mmol/l KCl, 2.0 mmol/l CaCl 2 , 1.0 mmol/l mgCl 2 , 10.0 mmol/l HEPES and 5.0 mmol/l D-glucose, adjusted to pH 7.40) at 25°C. The sensor was positioned under microscopic control at a distance of 200-300 µm above the endothelial surface. All experiments were performed in a non-cumulative fashion by using separate vessels for each concentration of test compound.
Measurement of vascular tone
The vascular tone of the PCAs was monitored isometrically as described previously [24] . Briefly, PCA rings (length 3-4 mm) were mounted in carbogen-aerated organ chambers containing 10 ml Tyrode solution (161.1 mmol/l Na + , 5.4 mmol/l K + , 1.8 mmol/l Ca 2+ , 1.1 mmol/l mg 2+ , 148.0 mmol/l Cl -, 23.8 mmol/l HCO 3 -, 0.4 mmol/l H 2 PO 4 -and 5.0 mmol/l D-glucose) at 37°C. Single concentrations of test compounds (50 µl) were applied to vessels pre-contracted with PGF 2α (25 µmol/l) . Vasodilator responses are expressed as a percentage of the PGF 2α pre-contraction.
Measurement of intracellular Ca 2+ levels
Culture of porcine aortic endothelial cells. Porcine aortic endothelial cells (PAECs) were enzymatically (dispase, 1 mg/ml; Boehringer Mannheim, Mannheim, Germany) isolated from segments of porcine thoracic aorta and cultured in M199 (Gibco-Invitrogen, Karlsruhe, Germany) supplemented with 10% (v/v) FCS (Gibco-Invitrogen), 100 mg/l penicillin G, 100 mg/l streptomycin, 2 mmol/l L-glutamine and 15 mmol/l HEPES, as described previously [25] . Experiments were performed with confluent cells in passage 2 seeded on glass coverslips.
Ratiometric imaging of fura-2 fluorescence. This method has been described previously [25, 26] . Briefly, PAEC monolayers on coverslips were loaded in M199 with the cell-permeable fluorescent dye fura-2-acetomethoxyester (1 µmol/l) for 30 min at 37°C; de-esterification of fura-2-acetomethoxyester to non-permeable fura-2 was completed in fresh M199 by a further 15 min incubation at 37°C. Fluorescence signals of intracellular fura-2-Ca 2+ complexes were recorded at 25°C on an inverted epifluorescence microscope (Diaphot TMD; Nikon, Tokyo, Japan) using a ×40 objective lens (Fluor 40; Nikon). The excitation wavelength alternated every 0.5 s between 340 and 380 nm; emission was monitored at 510 nm. Intracellular Ca 2+ was calculated from the 340/380 nm ratios of fluorescence intensities using the equation of Grynkiewicz et al. [26] . The traces represent the average intracellular Ca 2+ concentration of 6 to 12 cells in the same microscopic field.
Measurement of superoxide generation
Superoxide generation was measured in immortalised HUVECs (EA.hy 926) [27] by lucigenin-enhanced chemiluminescence. The cells were grown to confluence on glass coverslips and then incubated for the times indicated with either high D-glucose or L-glucose (osmotic control) at 37°C. After addition of 2.5 µmol/l lucigenin, cumulative luminescence intensity was recorded for 60 s using the FB-12 Sirius SingleProbe Luminometer (Berthold detection systems, Pforzheim, Germany). The immortalised HUVECs (EA.hy 926) show morphologic and functional similarities to the primary PAECs; however, these primary cultures tend to de-differentiate, resulting in lower and less consistent signal intensities than the immortalised cultures. Hence, to obtain more reliable results, we used the EA.hy 926 cell line instead of the PAECs for monitoring the time course of glucose-induced superoxide formation.
Reverse transcription and PCR of Na + /glucose cotransporter-1 mRNA Total RNA was isolated from cloned porcine proximal tubule kidney cells (LLC-PK1), from PAECs in passage 2, and from the mechanically removed endothelial layer of freshly dissected PCA by guanidinium thiocyanate / phenol chloroform extraction [28] . The RNA was reversed-transcribed to cDNA using the Superscript First-Strand Synthesis System (Invitrogen, Karlsruhe, Germany). Aliquots of cDNA were amplified with primers specific for the Na+/glucose cotransporter-1 (SGLT-1) and the housekeeping gene β-actin. To confirm identity, amplification products (SGLT-1 DNA bands) were sequenced in both directions by Taq dideoxy terminator cycle sequencing (ABI Prism BigDye Terminator v2.0 Cycle Sequencing Kit; Applied Biosystems, Foster City, Calif., USA).
Data analysis
Extrapolated E max and EC 50 values of NO and tone measurements were derived from sigmoid regression curves of the con-centration-response data and are expressed as arithmetic means ± 95% CI. Other values are expressed as means ± SEM. Differences between means were assessed by the two-tailed t test or ANOVA for multiple comparisons. A p value of less than 0.05 was considered statistically significant.
Results
Acute effects of glucose on vascular nitric oxide formation. Acute stimulation of PCAs with D-glucose increased endothelial NO release in a concentration-dependent manner, producing an E max of 4.5±0.2 nmol/l NO at an EC 50 of 10.7±1.0 mmol/l D-glucose (n=6). The osmotic control (L-glucose) did not significantly elevate NO levels (Fig. 1a) . The maximum NO elevation achieved after stimulation with a single dose of 20 mmol/l D-glucose was 4.0±0.6 nmol/l; the NO signal occurred after a delay of 0.9±0.2 min and showed a monophasic time course consisting of a plateau that lasted for 4.5±0.4 min (n=6) (Fig. 1b) . In endothelium-denuded PCAs, D-glucose did not induce NO release, thus identifying the endothelial layer as the only source of NO. The NO-releasing effects of high D-glucose were blunted in the presence of the non-selective nitric oxide synthase inhibitor L-N G -monomethyl arginine (L-NMMA, 100 µmol/l; E max =1.6±0.3 nmol/l, n=6). Conversely, the response was not diminished in the presence of 1400 W, a specific inhibitor of the inducible and neuronal isoforms of nitric oxide synthase (5 µmol/l; E max =4.4±0.4 nmol/l, n=6). This finding suggests that the D-glucose-mediated increase in NO was entirely due to stimulation of the endothelial isoform of nitric oxide synthase (eNOS). plasmalemmal Ca 2+ channels by the adenylate cyclase blocker 2′,5′-dideoxyadenosine-3′-diphosphate (ddAdoPP), diminished the NO response to D-glucose (Table 1) . Table 2 ). The D-glucose-mediated rise in intracellular Ca 2+ was lost after the abolition of the transmembrane Ca 2+ gradient and in the presence of Ni 2+ (Table 2) .
Involvement of Ca2+ in glucose-
Acute effects of glucose on intracellular
Involvement of Ca2+ transporters in glucose-mediated eNOS activation.
Cytoplasmic calcium homeostasis is largely regulated by the plasma membrane Ca 2+ ATPase (PMCA), the endoplasmic Ca 2+ ATPase (SERCA), and the plasmalemmal Na + /Ca 2+ exchanger (NCX) [29] . Inhibition of PMCA with La 3+ , or SER-CA with thapsigargin (for ≥30 min following the initial NO stimulation produced by delayed cytoplasmic Ca 2+ removal) did not affect the D-glucose-induced endothelial NO response. This suggests that the Ca 2+ -dependent activation of eNOS by D-glucose does not involve the inhibition of cytoplasmic Ca 2+ clearance by the outward rectifying Ca 2+ pumps or the refilling of internal Ca 2+ stores (Table 1) . However, the NCX inhibitor dichlorobenzamil prevented the D-glucoseinduced NO release in a concentration-dependent manner (Fig. 1c) . The NCX is driven by the plasmalemmal Na + gradient. Thus, on removal of the transmembrane Na + gradient by the substitution of normal Na + buffer (140 mmol/l Na + ) with a low Na + solution (20 mmol/l Na + plus 120 mmol/l choline chloride as osmotic substitute), D-glucose-induced NO elevations were lost (Table 1) . Similarly, when PCAs previously incubated in normal glucose and sodium buffer were treated with the Na + ionophore monensin (10 µmol/l), increasing the intracellular Na + concentration, the extent and duration of NO release was similar to that observed with high D-glucose (5.3±0.2 nmol/l NO and 5.2±0.4 min respectively, n=6). Co-incubation of monensin (10 µmol/l) with dichlorobenzamil (30 µmol/l) reduced the maximal NO signal to 1.8±0.2 nmol/l NO (p<0.001, n=5). Modulation of NO was accompanied by corresponding effects on intracellular Ca 2+ . In PAECs, the D-glucose-induced increase in intracellular Ca 2+ was completely blocked by the presence of dichlorobenzamil (Fig. 2c ), while stimulation with monensin elicited a transient plateaulike increase in intracellular Ca 2+ (Fig. 2b) .
Coupling of high glucose with NCX-dependent eNOS activation.
The NO response to 20 mmol/l D-glucose (but not to L-glucose) was enhanced after blocking GLUT1 with cytochalasin B, the plateau NO increase and duration of the plateau being about 40% higher than the corresponding values in the absence of cytochalasin B (Table 1 ). The cytochalasin B-enhanced NO response was strongly related to a greater and longer-lasting intracellular Ca 2+ response (Fig. 2a , Table 2 ). In contrast, specific competitive inhibition of (Fig. 1d) , and abolished the increase in intracellular calcium (Fig. 2d) . The transporter isoforms SGLT-1 and GLUT1 have been shown to transport D-galactose as efficiently as D-glucose [30, 31] . Accordingly, the effect of D-galactose on endothelial NO release (E max =4.1±0.4 nmol/l, 4.2±0.3 min, n=5) (Fig. 1a, Table 1 ) and intracellular Ca 2+ (Table 2) was similar to that observed with D-glucose. Both of these responses were blocked in the presence of phlorizin, and were enhanced by cytochalasin B (Tables 1  and 2 ).
PCR analysis. Amplification and sequencing of cDNA obtained from porcine coronary and aortic endothelial cells with SGLT-1-specific primers confirmed the presence of SGLT-1 mRNA in vascular endothelium, with cDNA from LLC-PK1 cells serving as a positive control [32] (Fig. 3) .
Acute effects of glucose on vascular tone. Although D-glucose induced NO release, in myographic experiments, stimulation of PCA rings incubated in normal glucose buffer (5 mmol/l glucose) with additional D-glucose (up to 50 mmol/l) did not alter vascular tone (Fig. 4a) . The hyperosmotic control, L-glucose, and D-galactose also failed to cause significant relaxation or contraction. Similarly, stimulation of endothelium-denuded PCA rings with high D-glucose did not affect vascular tone (data not shown). However, following pre-incubation of vessels with cytochalasin B, the addition of 20 mmol/l D-glucose or D-galactose to endothelium-intact PCAs induced marked relaxation (Fig. 4a) .
Involvement of glucose-facilitated arginine transport in nitric oxide formation and relaxation. Additionally, we investigated whether D-glucose amplified the stimulatory effect of the eNOS substrate L-arginine on NO release and vasodilation. The addition of 20 mmol/l D-glucose moderately (in a sub-additive manner) enhanced NO formation and relaxation in response to L-arginine. However, this effect attained significance only at L-arginine concentrations of ≥0.3 mmol/l and was absent when L-arginine was co-incubated with 20 mmol/l L-glucose (Fig. 5) .
Additive effects of d-glucose and insulin on nitric oxide formation and vasorelaxation.
Stimulation of PCAs with insulin in normal glucose buffer (5 mmol/l glucose) increased endothelial NO formation in a concentration-dependent manner, producing an E max of 7.9±0.8 nmol/l NO at an EC 50 of 24.3±4.5 mU/l insulin (Fig. 6a) . This effect was abolished in the presence of the receptor/tyrosine kinase (RTK) blocker genistein and the phosphatidylinositol 3′-OH kinase (PI3 K) blocker wortmannin (Fig. 6b) , but remained unchanged in the presence of Ni 2+ , phlorizin and dichlorobenzamil (Table 3) . Compared with insulin alone, simultaneous stimulation of PCAs with insulin and increasing concentrations of D-glucose (but not L-glucose) amplified the endothelial NO response in a concentration-dependent and additive fashion (Fig. 6a,c) . Co-stimulation with D-galactose and insulin evoked a similar potentiation of the NO signal (Fig. 6b, Table 3 ). Pre-treatment of PCAs with genistein or wortmannin reduced the NO response to combinations of insulin and high glucose to levels observed on insulin stimulation alone (Fig. 6b) , whereas pre-treatment with phlorizin reduced the response to levels seen on high glucose stimulation alone (Table 3) . Together, wortmannin and phlorizin almost completely suppressed the high D-glucose/insulin-induced NO elevation, producing results similar to those obtained when endothelium-denuded PCAs were employed (Fig. 6a) . The combination of high D-glucose/insulin plus cytochalasin B provoked a further amplification of the NO signal, while cytochalasin B did not amplify the NO response to insulin in normal glucose buffer (Table 3) .
Treatment of PCA rings with insulin plus high D-glucose (but not L-glucose) amplified insulin-dependent relaxation in a concentration-dependent manner (Fig. 4b) . Relaxation was further increased by preincubation with cytochalasin B (Table 4) , and was blunted by L-NMMA, genistein and wortmannin. Endothelium-denuded vessels completely failed to relax in response to insulin plus high D-glucose (Fig. 4c ). There were no differences in the extent of inhibition in the presence or absence of high D-glucose (Table 4) . Pre-treatment of PCAs with Ni 2+ , dichlorobenzamil or phlorizin reduced relaxation to levels observed with insulin stimulation alone (Table 4) . Co-incubation with insulin and D-galactose mimicked the potentiating effects of D-glucose (Table 4) . (Fig. 6d) . The observed effects on NO release were in accordance with myographic experiments. Prolonged treatment with 25 mmol/l D-glucose attenuated relaxation in response to insulin and abolished the potentiating effect of high D-glucose on insulin-mediated relaxation (Fig. 4d) . The NO and vascular responses of the PCAs to combinations of insulin plus D-glucose were only partially restored by incubation for 1 h in normal glucose buffer (Figs. 4d, 6e ). An increase in endothelial cell superoxide formation was observed after 24 h of incubation with high D-glucose, but not after 2 h of incubation (Fig. 7) ; thus, we were able to rule out the possibility that NO bioavailability and consequent vasodilation were reduced by glucose-enhanced superoxide generation. In keeping with this finding, in PCAs incubated in 25 mmol D-glucose for 2 h, the NO and vascular responses to D-glucose or insulin could not be restored by co-incubation with the superoxide scavangers vitamin C (2 mmol/l), trolox (2 mmol/l), superoxide dismutase (copper/zinc superoxide dismutase from bovine erythrocytes, 10 µmol/l) or the cell-permeable SOD analogue Mn(III) tetra(4-benzoic acid)porphyrin chloride (10 µmol/l) (data not shown). Since the coronary endothelium lacks voltage-gated Ca 2+ channels [33] , two possible pathways exist for calcium influx: receptor-activated Ca 2+ channels and plasmalemmal transport proteins.
Involvement of Ca 2+ channels can be excluded, as neither inhibition of capacitative calcium entry nor inhibition of Ca 2+ influx via cAMP-dependent cation channels altered the stimulatory effects of D-glucose on NO formation. Hence, we propose that the influx of extracellular Ca 2+ is the result of a transport process that is either directly or indirectly activated by D-glucose.
Two transporters are reportedly involved in the regulation of Ca 2+ -dependent eNOS activity, namely, PMCA and NCX. These proteins are localised in the plasmalemmal caveolae in close proximity to eNOS and participate in the control of sub-plasmalemmal intracellular Ca 2+ , which is of particular importance for modulation of eNOS activity [34, 35] . The high affinity/low capacity PMCA is the principal Ca 2+ removal system in vascular endothelium [36] . However, failure of the PMCA-(and capacitative Ca 2+ entry-) inhibitor La 3+ to diminish D-glucose-mediated NO formation suggests that intracellular Ca 2+ clearance by PMCA is not involved in glucose-dependent eNOS activation. In contrast, the complete abolition of D-glucose-induced increases in endothelial intracellular Ca 2+ and NO release by inhibition of NCX indicates that stimulation of this protein is involved in the response to D-glucose. Previous reports have shown that Ca 2+ extrusion by the low affinity/high capacity NCX system is triggered by intracellular Na + loading [34] . Glucose cannot cross intact membranes by diffusion; its intracellular uptake is achieved by glucose transport systems. Passive entry via the ubiquitous transcellular D-glucose gradient-driven facilitative glucose transporters (GLUT1) is well characterised. Recently, an alternative secondary active uptake pathway via SGLT has been identified in the endothelium of several vascular beds [37, 38] . We hypothesised that elevation of the extracellular concentration of D-glucose would increase entry not only via GLUT1, but also via SGLT, leading to a rise in intracellular Na + , which in turn stimulates Ca 2+ uptake through NCX. This hypothesis is supported by the finding that the D-glucose-induced increase in intracellular Ca 2+ and subsequent NO formation were completely blocked by the selective SGLT inhibitor phlorizin. The existence of functional SGLT in coronary artery endothelium is supported by the identification of SGLT-1 mRNA in aortic and coronary endothelium by RT-PCR in this study. It has been reported that GLUT1 and SGLT each contribute to approximately 50% of the glucose uptake in several vascular beds. Moreover, SGLT is rapidly desensitised by an increase in intracellular glucose concentrations [38] . Thus, selective inhibition of GLUT1 should delay desensitisation and therefore potentiate Na + uptake via SGLT, triggering an increased Ca 2+ and NO response. This explains the elevated magnitude and duration of the D-glucose-induced increase in endothelial intracellular Ca 2+ and NO release in the presence of cytochalasin B.
As we made comparable observations using D-galactose instead of D-glucose we were able to exclude other members of this SGLT family (SGLT-2 and SGLT-3), since SGLT-1 does not discriminate between D-glucose and D-galactose, while neither SGLT-2 nor SGLT-3 transport D-galactose efficiently (K m >20 mmol/l) [31] .
Although we have suggested a mechanism for glucose-induced endothelial NO release, the question remains whether this finding may be of physiological significance. A direct consequence of endothelial NO release is the relaxation of adjacent smooth muscle via activation of soluble guanylate cyclase. However, stimulation with high glucose alone had no effect on resting vascular tone. The apparent inability of high glucose to dilate coronary vessels may be explained by the relatively low magnitude of NO release. We recently reported that an increase in endothelial NO release of >5 nmol/l was required to trigger vasodilation [24] . Consistent with this finding, an elevated glucose-induced increase in NO of 5.7 nmol/l, achieved after inhibition of GLUT1, was sufficient to evoke relaxation. Moreover, we have demonstrated that the effect of the eNOS substrate L-arginine on NO release and vasodilation is enhanced by D-glucose in a concentration-dependent manner. This finding is in accordance with a report of Sobrevia et al. [39] which reported that D-glucose potentiates the uptake of L-arginine in vascular endothelial cells via the sodium-independent y + -transport system. However, this mechanism of eNOS activation may only be relevant at high levels of of L-arginine, and is unlikely to occur at physiological plasma concentrations with baseline levels of about 90 µmol/l and post-prandial peaks of about 130 µmol/l [40, 41] .
In accordance with previous studies [42] , the vasodilatory actions of insulin were confirmed to be endothelium-dependent, with eNOS activation mediated by receptor/tyrosine kinase, insulin receptor substrate (IRS-1), PI3K and serine/threonine protein kinase (Akt/PKB), but not Ca 2+ .
A key finding of our study is that the NO responses to insulin, as well as the relaxation responses, are potentiated by co-incubation with high D-glucose in a concentration-dependent fashion. The mechanism responsible for glucose-mediated amplification of the vascular response to insulin appears to be confined to SGLT-and NCX-activated, Ca 2+ -dependent eNOS stimulation, since inhibition of Ca 2+ entry by inhibitors specific to Ni 2+ , SGLT or NCX completely abolished the additive glucose effect. We therefore conclude that an elevated plasma glucose level accelerates its own cellular uptake by NO-derived vasodilation, which is dependent on insulin-and glucose-stimulated endothelial NO formation.
The rapid clearance of glucose from the circulation also appears to be crucial for maintenance of endothelial function. Glucose/insulin-mediated vasodilation is impaired during hyperglycaemia: glucose-induced NO release was completely abolished and insulin-induced NO released was reduced after incubation of the PCAs at high glucose concentrations for 2 h. This finding may be explained by accelerated NO degradation due to enhanced superoxide generation in the chronic hyperglycaemic state [43] . However, during the relatively short periods (≤2 h) of incubation with high D-glucose in our experiments, we found no evidence of increased superoxide formation. Alternatively, it has been shown that insulin-induced PI3 K signalling pathways (which mediate endothelial NO release), GLUT4 translocation in skeletal muscle cells and adipocytes, as well as the metabolic actions of insulin, are impaired under conditions of prolonged hyperglycaemia, and are thus considered to constitute the molecular basis of insulin resistance [44, 45] . Additionally, NCX activity was found to be reduced in the high glucose state [46] , whereas uptake of glucose by endothelial cells was not affected [47] . This may explain the failure of acute glucose addition to increase NO release after prolonged exposure to high glucose. A previous study demonstrated that improved glycaemic control by insulin infusion therapy partly restored insulin-stimulated endothelial function in patients with type 2 diabetes and ischaemic heart disease, highlighting the detrimental effects of persistent hyperglycaemia on PI3K-dependent signalling [48] . This is consistent with our observation that impaired vasodilatory function was only partly reversed by incubating PCAs previously compromised by high glucose in normoglycaemic buffer. Hence, it appears that the duration of hyperglycaemia determines the vascular response: while acute (post-prandial) hyperglycaemia enhances PI3K-mediated endothelium-dependent vasodilation, persistent hyperglycaemia causes a potentially irreversible impairment of glucose/insulinmediated vasodilation, constituting an early hallmark of glucose-and insulin-resistance.
In summary, this is to our knowledge the first report to describe a D-glucose-stimulated NO release from intact vascular endothelium. We were able to resolve the mechanism for this effect, demonstrating that high extracellular D-glucose activates plasma membrane transporters associated with a net inward flux of Ca 2+ . Moreover, we found that high D-glucose potentiates the vasodilatory activity of insulin, suggesting that combined glucose-and insulin-mediated endothelial NO stimulation is implicated in the perfusion-dependent acceleration of glucose uptake, which in turn is essential for maintaining vascular endothelial function.
